Abstract-In cognitive radio (CR) ad-hoc systems, the performance of system can be increased by using cooperation between cognitive users. In this paper, we compare three cooperation schemes for CR ad-hoc systems which are non-cooperation, sensing-cooperation and full-cooperation of sensing and band, in which the spectrum information or the band can be cooperatively shared among cognitive users. Unlike other cooperative sensing schemes which focus on cooperative sensing on single band, our cooperation model focuses on cooperative sensing on multiple bands. We propose the concept of spectrum pool which is the common knowledge on spectrum among cognitive users and this spectrum pool is maintained by sharing sensing results of sensing users on different bands. Given that the cognitive users have more information on the spectrum compared to the case when there is no information sharing, the number of sensing attempts to find vacant band can be reduced and the performance of CR system can be improved. We analyze the performance of three cooperation schemes by using game theory and state transition diagram. Through simulation, we show that our analysis is well matched to simulation results. We also find that the throughput can be improved by utilizing spectrum pool and the throughput can be deteriorated due to the selfish behavior of cognitive users when band can be shared by the cognitive users.
I. INTRODUCTION CR technology was proposed in order to solve the problem of the shortage of resources for wireless communication systems [1] . In CR systems, cognitive users can utilize multiple bands if a primary user (PU) is absent and hence the band is vacant. Given that the PU has priority to the band, a CR user should perform spectrum sensing before transmitting data to verify whether the PU is absent, and it increases the overhead of the CR system. And the data will not be successfully transmitted if the PU transmits at the same time in the same band with cognitive users. Thus, spectrum sensing is important in the CR systems.
The performance of spectrum sensing in CR system can be improved by using cooperative sensing in which multiple cognitive users cooperate in spectrum sensing. Cooperative sensing has already been studied thoroughly in [2] , [3] , [4] , [5] , [6] . In [2] , the performance of collaborative spectrum sensing in the presence of shadow fading and multipath fading was studied. In [3] , authors considered selfish users in cooperative sensing. In [4] , cooperative sensing to maximize channel throughput in both PU and CR networks was investigated. In [5] , cooperative sensing for ad-hoc CR users based on a consensus algorithm was proposed. In [6] , cooperative sensing was optimized by differentiating the number of spectrum sensing.
Most of previous works on cooperative sensing focuses on single band sensing in which multiple cognitive users cooperate in sensing of single band to increase the accuracy of spectrum sensing. Unlike previous works, we consider the cooperation in multi-band sensing in which multiple bands are sensed by multiple cognitive users and the purpose of cooperation is to improve the throughput of cognitive users. In our sensing model, one cognitive user performs single band sensing and the cognitive users share the result of spectrum sensing so that each user can know the sensing result of neighboring users. We refer this common knowledge on spectrum as spectrum pool. Given that the cognitive users have more information on the spectrum compared to the case when there is no information sharing, the cognitive users can find vacant band more easily and the overhead of spectrum sensing can be reduced. Unlike previous works [7] in which the accuracy of sensing was increased to improve the throughput, overhead of sensing is reduced by using spectrum pool to improve the throughput in our cooperative sensing model.
Given that the knowledge on spectrum can be shared by users when cooperation is used, vacant bands also can be shared by multiple users. In this case, multiple cognitive users can cooperatively utilize single band by utilizing time division manner. We also consider this kind of cooperation and show that the throughput of the system can be decreased due to the selfishness of users as in [3] . Based on these two kinds of cooperations, we consider three cooperation schemes for ad-hoc CR systems and compare three cooperation schemes in which the CR users do not cooperate, only cooperate in sensing or share the band as well as the sensing results.
II. PROBLEM DESCRIPTION In an ad-hoc CR system, the performance of system can be improved by using the cooperation between users. In this paper, we consider three cooperation schemes. Given that we consider an ad-hoc system, cooperation between users is conducted in distributed manner. For all the cooperation schemes, we assume that if the band is detected to be vacant band from spectrum sensing, a cognitive user can utilize that band until a PU appears at that band. Therefore, the user does not need to perform spectrum sensing on that band before data transmission, until the PU appears at the band and hence the data transmission of the cognitive user is failed. Needless to say, spectrum sensing can be performed before each data transmission for severe PU protection. However, given that the dynamics of PUs can be static, such as TV transmitters, the overhead of spectrum sensing can be greatly reduced by performing spectrum sensing only once before multiple data transmission. Actually, the spectrum sensing in the IEEE 802.22 system is not performed at the beginning of every frame. Therefore, we assume that CR users perform the spectrum sensing only once before multiple data transmission. 2 The first cooperation scheme is non-cooperation(NC). In this scheme, CR users do not cooperate each other and perform spectrum sensing and data transmission, independently. The second one is sensing-cooperation(SC). In this scheme, CR users share the results of spectrum sensing. Therefore, even though some users do not perform spectrum sensing, they can acquire the information on the spectrum by using the sensing result of neighboring sensing users. In this paper, we refer this common knowledge on spectrum as spectrum pool. The spectrum pool is the collection of bands that have been sensed to be vacant in previous sensing. Since the band in spectrum pool is detected to be vacant in previous sensing, we assume that a cognitive user accesses this band without sensing. Sensing users can reduce sensing overhead by using the results of neighboring sensing users, because they do not have to perform sensing on the band which was reported to be busy by other sensing users and on the band which is utilized by other CR users. In this scheme, we assume that one CR user can utilize only one band simultaneously. Spectrum information sharing is valid because users are close to each other in an ad-hoc system. The third scheme is fullcooperation of sensing and band(FCSB). In this scheme, not only the spectrum information but also the band are shared among users. Therefore, single band can be shared by multiple cognitive users. For all the three cooperation schemes, we assume that a CR user cannot transmit data on multiple bands at the same time.
Next, we will analyze these three cooperation schemes and compare the performance. We will analyze two links case first and generalize it into multi links case. Before the analysis, we briefly describe the environment that we consider in this paper. We assume that the system operates in time-slotted method whose slot length is T slot and assume that common control channel exists [8] so that each user can send control messages on this channel. At the beginning of each time slot, each user decides whether to choose strategy1 or strategy2 and notify it to other users so that they can know the choice of other users. In strategy1, the user utilizes the band in spectrum pool to transmit data. When the user selects strategy1, it does not perform spectrum sensing. In strategy2, the user finds vacant band which is unknown, by using spectrum sensing and uses that band for data transmission. We assume that only one band can be sensed at once by one user, and the time required for one sensing attempt is T sensing . We also assume that the user searches bands until it finds vacant band and assume that spectrum sensing is perfect so that it will not generate miss detection or false alarm [8] . Moreover, we assume that the number of vacant bands is B V and the number of occupied bands which is utilized by PU, is B F .
In this paper, we assume that a PU has dynamics and it can be modelled as a discrete-time Markov chain that appears in [9] . In this model, each band can have two states which are busy and idle, and each band can change its state at each time slot. In this paper, we let the probability that band stays at idle state as λ and the probability that band stays at busy state as . Given that a PU has dynamics, the size of spectrum pool will dynamically change. New band can be added to the spectrum pool when the band is found from spectrum sensing.
The band in spectrum pool can also be removed if the band is no longer vacant. In this paper, we assume that if a cognitive user and the PU transmit simultaneously at the same band, the data transmitted by the cognitive user will fail to be delivered [8] , and the cognitive user can recognize that the band is not vacant. When the cognitive user utilizes the band in spectrum pool, it will encounter the failure of data transmission with the probability 1 − λ.
III. TWO LINKS CASE
First, we consider the case where only two links exist. In the analysis, we assume that new band can be found after sensing. We also assume that the cognitive users in the same link perform sensing on the same band. Therefore, cognitive users in the link can be regarded as one cognitive user. For the two links case, the size of spectrum pool, which we denote as B pool , can be 0, 1 or 2. When the size of spectrum pool is 0, there is no available band in spectrum pool so that all the users should find a new band by using spectrum sensing to transmit data, regardless of cooperation scheme used. In this analysis, although there will be no spectrum pool when NC is used, we use the term spectrum pool to refer the set of bands in which data is successfully transmitted in previous slot.
When the B pool is 1, the spectrum usage will be different depending on cooperation scheme used because the band in spectrum pool can be shared by cognitive users in FCSB. We first consider the case when FCSB is used. In this case, spectrum usage can be modelled by game model [10] . In this game model, each cognitive user becomes a player and the strategy1 in which a user uses the band in spectrum pool, and strategy2 in which a user finds a new band by using spectrum sensing, become the strategies of the game. And pay-off that each player can get is the amount of transmitted data, which we denote as throughput in this paper. Then, pay-off 
(1) where T avg (N, B F , B V ) denotes the average number of sensing attempts to find vacant band when the number of vacant band is B V , the number of occupied band is B F and the number of cognitive users that participate in spectrum sensing is N . We subtract λ from B V to take into account the spectrum pool.
Then, T avg (N, B F , B V ) can be written as follows:
. Given that the possible values of N in two links case are 1 and 2, we calculate
can be described as follows: (3) and eq. (4) is too complex, we simplify the equations by assuming that B V , B F >> 1, because the number of bands that CR systems can use will be much more than one. Then, T avg (1, B F , B V − λ) can be approximated as follows:
because we assume B V >> 1. Therefore, the average number of sensing attempts is α regardless of B pool and the number of sensing users.
The Nash Equilibrium point (N.E.) of this game model [10] 
. Therefore, when a PU is quite static and the overhead of spectrum sensing is large, R ns act3 is likely to be smaller than R ns act1 , which means that spectrum sharing gives better throughput. In this case, (S1, S1) becomes N.E..
Next, when R
. Therefore, when a PU is dynamic and the overhead of spectrum sensing is small, R ns act2 is likely to be smaller than R ns act3 , which means that cognitive users always find a new band and do not use the band in the spectrum pool. In this case, (S2, S2) becomes N.E. and the use of spectrum pool becomes meaningless because the cognitive users never use the band in the spectrum pool.
When
In this case, both (S1, S2) and (S2, S1) are the N.E. and one of the cognitive user will use the band in spectrum pool and the other user will find a new band. Next, we consider the case when NC or SC is used. In this case, given that only one user can utilize one band, the number of cognitive users that utilize the band in spectrum pool cannot be larger than one. When λ ≤ (1 −
Tsensing
T slot · α), users will choose (S2, S2) because finding a new band will give more throughput than utilizing the band in the spectrum pool. Otherwise, the users will choose (S1, S2) or (S2, S1).
Finally, we consider the case when B pool is 2. In this case, when λ ≤ (1 −
T slot · α), users will choose (S2, S2) in all the three cooperation schemes for the same reason above. Otherwise, the users will choose (S1, S1).
In summary, when λ ≤ (1 − Tsensing T slot · α) which is the case when finding a new band and using it will give more throughput than using the band in spectrum pool alone, cognitive users will always choose (S2, S2) regardless of the cooperation schemes and they will never utilize the band in spectrum pool. It happens when the overhead of spectrum sensing is small. In this case, the users will always perform spectrum sensing before data transmission because the overhead of the spectrum sensing is small. And when (1 −
which is the case when finding new band and using it will give more throughput than sharing the band in spectrum pool and finding a new band and using it will give less throughput than using the band in the spectrum pool alone, the users will choose (S2, S2) when the B pool is 0 and choose (S1, S2) or (S2, S1) when the B pool is 1 and choose (S1, S1) when the B pool is 2. And when
which is the case when finding new band and using it will give less throughput than sharing the band in the spectrum pool, NC and SC will be the same as the case when (1 −
However, when FCSB is used, the users will choose (S2, S2) when the B pool is 0, choose (S1, S1) when the B pool is 1 and choose (S1, S1) when the B pool is 2. Given that the users choose (S1, S1) which means that they share the band, when the B pool is 1 unlike other cooperation schemes in which the users choose (S1, S2) or (S2, S1) so that only one user will perform spectrum sensing, the B pool of FCSB will be smaller than that of other schemes.
Based on the observation above, state transition diagram can be formulated when each state means B pool . First, we consider the state diagram for FCSB when λ ≥ 2·(1−
T slot · α) because it has different state transition diagram with other cases as stated above. The state transition diagram is shown in Fig.1 . And the state transition diagram for all the other cases is shown in Fig.2 . Each state 0, 1 and 2 means B pool , the size of spectrum pool. Then, the steady state probability of state 0, 1, and 2 in Fig.1 , which we denote as π 
, we calculate the expected network throughput of the system which is the sum of throughput of users, by using the state transition diagram. First, when λ ≤ (1 −
T slot · α), cognitive users will always choose (S2, S2) for all the three schemes and the expected network throughput will be 2·R 
IV. MULTI-LINKS CASE
In this section, we will consider the case when the number of cognitive links are more than 2. Let N total be the number of cognitive links. And let B equil be the size of spectrum pool in equilibrium state in which the number of bands that are removed from spectrum pool due to the presence of PU and the number of bands that are newly added to spectrum pool by sensing are the same. Then, B equil be the average size of the spectrum pool. Moreover, let N sensing be the number of users that perform sensing. Then, following equation should be satisfied.
We will consider FCSB case first. In this case, the expected user throughput of strategy1 and strategy2 which are R str. 1 and R str. 2 , respectively, can be described as follows:
where we subtract (1 − λ)B equil and λB equil from B F and B V , respectively, to take into account the spectrum pool.
For FCSB case, N.E. can be achieved when R str. 1 and R str. 2 are the same. If one is greater than the other, a cognitive user will choose the strategy that gives better expected throughput and the expected throughput of that strategy decreases, because R str. 1 and R str. 2 decrease as the number of users that select the strategy increases. Therefore, the number of users that select the strategy which gives better throughput becomes larger and the expected throughput of that strategy decreases and eventually, the expected throughput will be the same as the throughput of other strategy. At this point, no users will change its strategy because changing strategy will decrease the expected throughput. Therefore, in equilibrium point, R str. 1 = R str. 2 and following equation should be satisfied:
similar to the approximation in eq. (5) and eq.(6). Then, eq.(11) can be rewritten as follows: 
V. PERFORMANCE EVALUATION
In the performance evaluation, we compare the user throughput of three cooperation schemes. We vary T ratio which is
. T ratio is related to the overhead of spectrum sensing and large T ratio means that the sensing overhead is large.
First, we compare the normalized user throughput of cooperation schemes when the number of links is 2. In the simulation, we calculate the normalized user throughput by assuming R to be 1. Therefore, the maximum of the throughput is 1. Also we assume that B V = 22 and B F = 12 by assuming that 70% of spectrum is vacant, and assume that λ = 0.75. Then, the simulation results are shown in Fig.3 .
As we can see from Fig.3 , analysis results are well matched to simulation results, which proves the correctness of our analysis. We can find that all the simulation results and analysis results are almost the same except the case for FCSB when T ratio is larger than 0.4. These results coincide with our 
Tsensing
T slot ·α), because the average number of sensing attempts is unchanged regardless of the size of spectrum pool. Given that the number of vacant bands is much larger than 2, sharing spectrum information does not reduce the overhead of sensing greatly and the effect of sharing spectrum information is negligible.
In Fig.3 , we can find that the throughput of the FCSB decreases abruptly when T ratio is larger than 0.4, because
In this case, the selfish behavior of cognitive users results in the decrease of B pool and deteriorates the throughput. This selfish behavior is revealed when T ratio is large, because the overhead of spectrum sensing becomes large and no cognitive user is willing to perform spectrum sensing.
Next, we compare the normalized user throughput when the number of links is 20. Other simulation parameters are the same as those in Fig.3 . The simulation results are shown in Fig.4 . As we can see from Fig.4 , analysis results are well matched to simulation results even when the number of links is more than 2. However, the gap between the analysis results and the simulation results is larger in this case compared to that in Fig.3 because we use a simpler model in analysis when the number of links is more than 2. When the number of links is 2, we consider state transitions and steady state probability, however, when the number of links are more than 2, we only consider the average size of spectrum pool and derive throughput based on this average value. We can also find that the user throughput of 20 links case is smaller than that of 2 links case because almost all the vacant band are used by cognitive users when the number of links is 20, and it will take more time to find a vacant band.
We can also find that all the three schemes show different throughput unlike in two links case, because the average number of sensing attempts for each scheme is different. Given that the number of links is large, the average number of sensing attempts can be greatly reduced by sharing spectrum information. Therefore, the throughput of SC is 12% larger than that of NC. For the FCSB, the throughput is larger than that of NC when T ratio is small. However, the throughput of FCSB decreases abruptly and becomes much smaller than that of NC when T ratio is large, because the overhead of sensing becomes large and the selfish behavior of cognitive users is revealed. If we give incentive to sensing users as in [3] , the throughput of FCSB can be almost the same as that of SC. From the results mentioned above, we can conclude that the throughput can be improved by sharing the spectrum information among cognitive users and the throughput can be deteriorated due to the selfish behavior of cognitive users when the bands are shared by the cognitive users.
VI. CONCLUSIONS
In this paper, we have compared three cooperation schemes for CR ad-hoc systems, which are NC, SC and FCSB, and for each scheme, the spectrum information or the band can be shared among cognitive users. In this paper, we have proposed the concept of spectrum pool which is the common knowledge on spectrum among cognitive users. We have analyzed the performance of three cooperation schemes, and have shown that our analysis results are well matched to the simulation results. We have also found that the throughput can be improved by using spectrum pool and the throughput can be deteriorated due to the selfish behavior of cognitive users when the bands are shared by the cognitive users.
